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Abstract: We show that exceptional-point (EP) sensors are fundamentally limited by excess 
noise owing to eigenmode nonorthogonality, to the extent that the enhancement in precision 
(the magnitude of the scale-factor enhancement divided by the square-root of the linewidth-
enhancement factor 1/2| | /S K ) is never greater than unity. Indeed, in the vicinity of an EP a 
hole of reduced precision opens up in parameter space, where the precision drops rapidly to 
zero within regions of deadband or unbroken PT-symmetry. Outside of these zero-sensitivity 
regions the precision is nonzero, approaching its maximum value of 1/2| | / 1S K   at the EP. 
EPs, therefore, represent discontinuous transitions between these two regimes. We find that this 
behavior is universal, with the hole appearing regardless of the type of EP. Therefore, EPs 
should generally be avoided for sensors that utilize laser cavities. Moreover, we illustrate that 
a laser containing a medium at the critical anomalous dispersion is simply operating at an EP. 
Therefore, this limitation also applies to laser sensors based on fast light. 
  
1. Introduction 
Exceptional points (EPs) are singularities that arise in non-Hermitian systems where the 
Hamiltonian becomes defective, the eigenstates become maximally non-orthogonal, and the 
eigenvalues and eigenvectors simultaneously coalesce into a degeneracy. Prominent examples 
of these non-conservative systems in the field of optics include coupled resonators (CRs) and 
ring laser gyroscopes (RLGs) [1-6], materials with periodic potentials [7-10], and systems with 
parity-time (PT) symmetry [11-16]. One reason EPs have been of recent interest is because the 
sensitivity of the frequency difference between the eigenstates to an external perturbation, i.e., 
the scale factor, has been shown to diverge at an EP [17-23]. The boost in scale-factor 
sensitivity has now been demonstrated experimentally in passive and active fast-light cavities 
[21-27], optomechanical and nanoparticle detection schemes [31, 32], and CRs including RLGs 
[33-37].  
A sensitivity enhancement, by itself, is not sufficient to enhance measurement precision, 
however. In particular, the enhancement in scale factor may lead to a concomitant increase in 
measurement uncertainty. Indeed, it has long been established that in non-Hermitian laser 
systems the fundamental laser linewidth increases above the Schawlow-Townes limit as a result 
of the non-orthogonality of the resonant modes. This broadening is characterized by the excess-
noise factor, which has been shown to diverge at an EP [38-44]. The excess noise arises from 
correlations that occur between the noise signals of different eigenmodes when they are not 
orthogonal. In effect, the spontaneous emission in a given mode is affected not only by noise 
photons in the same mode, but also by those in the other modes. The divergence in linewidth 
occurs because the EP is where the eigenmodes become maximally non-orthogonal [41]. In this 
light, the crucial question for sensing applications is whether the sensitivity diverges faster than 
the linewidth as the singularity is approached. 
As we’ve pointed out previously, there are different types of EPs in CRs [45]. One type of 
EP forms when the coupling is conservative, there is no detuning, and the loss difference is 
balanced by the coupling. This EP is also parity-time (PT) symmetric. A second type of EP 
occurs when the coupling is maximally dissipative, there is no loss difference, and the detuning 
is balanced by the coupling. This EP is not PT-symmetric, and corresponds to the edge of a 
lock-in region, such as the deadband that occurs in conventional RLGs. Yet a third type of EP 
involves a mixture of the two types of coupling. An important question is whether the 
divergences of the sensitivity and linewidth are the same for all these different types of EPs. If 
so, a straightforward way to determine whether precision can be enhanced would be to measure 
these quantities near the RLG deadband edge. Tellingly, RLG experts tend to avoid operating 
near the deadband because the noise is so high in this region. Nevertheless, there has been some 
work that has attempted to exploit this EP for improved sensing [35]. 
In this work we derive the scale-factor enhancement (Section 2) and excess-noise factor 
(Section 3) for CR laser systems, under the assumption that the eigenmodes represent the output 
states of the system (at threshold with no external input field). We further show in Section 3 
that the enhancement in precision drops precipitously to zero in the vicinity of an EP. In Section 
4 we prove that the enhancement in precision is never greater than unity for any choice of 
parameters. Furthermore, we demonstrate that changing from one type of EP to another is 
equivalent to a simple rotation in parameter space, so measurements performed at any one type 
of EP also apply to other types. In Section 5 we demonstrate that our analysis also applies to 
lasers containing a dispersive medium, and in Section 6 we present experimental evidence 
acquired in previous studies that corroborates our conclusions. 
2. Scale-Factor Enhancement 
Consider the problem of two CRs as shown in Fig. 1. The resonators have resonant frequencies 
1  and 2 when they are uncoupled from one another, and any additional losses not due to the 
coupling between the resonators are represented by the photon loss rates 1  and 2 .  
 
Fig. 1. Two coupled resonators.  
The coupled-mode equations describing the field dynamics are: 
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where 
1,2 1,2 1,2 / 2i     are complex frequencies and 1,2  are complex coupling 
coefficients. We define a complex detuning between the resonators as 1 2 2,i       
where 1 2     is the real-valued detuning and 1 2     is the difference in the loss rates. 
The eigenvalues of this system of equations are 
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where 2 1 21 2( )      is the Rabi frequency, and 1 2( ) / 2 2avg avg avgi        . The 
eigenvalues are in general complex, but can be decomposed into real-valued frequencies   
and linewidths   , as shown.  
For convenience we will assume 
1 2     such that the Hamiltonian is symmetric. In 
this case, the Rabi frequency is 2 2 1 2( )    , i.e., 
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where exp( )i    and atan( / )    . An EP occurs when the eigenvalues are fully 
degenerate in both frequency and linewidth, i.e., when 0  . There are three cases to consider: 
(i) conservative coupling ( ).   An EP occurs when 0,  and / 2 .    This EP 
corresponds to the parity-time (PT) symmetric phase transition; (ii) maximally-dissipative 
coupling ( ).i   An EP occurs when 0   and .    This EP corresponds to the edge 
of the deadband, the region of zero sensitivity that occurs in conventional RLGs [2]; and (iii) 
partially-dissipative coupling ( ).i      An EP forms when 0,   / 2 ,       , 
and / 2.      These EPs are located along the unit circle shown in Fig. 2. Other EP 
locations are possible if one relaxes the assumption that 1  and 2  are equal in magnitude [37].   
 
Fig. 2. Parameters values for EPs. Conservative, maximally-dissipative, and partially-dissipative 
EPs are represented on the unit circle by black, orange and green dots, respectively. Zero-
sensitivity bands occur along the diameter between any pair of EPs of the same color.  
The beat frequency is the relative detuning between the real parts of the eigenvalues, i.e,  
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The magnitude of scale-factor enhancement is then [46]  
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For case (i) 
2 2 2( ) ( / 2)A       and B  . For sufficiently small detunings | |  we 
obtain [45, 47]:   
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where 
2 2   (middle equation) and 2 2 2| ( ) ( / 2) |     for the other two equations. 
Note that when 0   the middle equation predicts a divergence in the sensitivity at the EP, 
whereas the last equation predicts the sensitivity drops to zero over a range of   values 
corresponding to the unbroken PT-symmetry region (between the black dots) in Fig. 2.  
For case (ii) the beat frequency is also found from Eq. (4), but 2 2 2( ) ( / 2)A      . 
Relations for the scale-factor enhancement are found by simply interchanging   and / 2 , 
and replacing    with   in Eq. (6) [45]. The resulting equations apply for sufficiently small 
loss differences | | . In this case the zero-sensitivity region occurs over a range of detunings 
corresponding to the deadband region (between the orange dots) in Fig. 2. Note that the 
appearance of these zero-sensitivity regions implies that, provided the linewidth is nonzero, the 
ratio 1/2| | /S K drops precipitously to zero in these regions. 
3. Excess-Noise Factor 
The excess-noise factor can be obtained from [42] 
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where the eigenmodes of Eq. (1) are given by 
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where 2 2 1/2(| | | | )N       are normalization factors. Note that in general the 
eigenmodes are not orthogonal, but are skewed such that 0E E   . 
For case (i), the excess noise factor is 
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where the middle equation applies for small detunings, i.e., 
2 2  , but the other equations 
are derived with no approximations at 0   and are the same as those found in [42]. Again, 
for case (ii) we simply interchange   and / 2 , and replace    with   in Eq. (9). 
For sensors utilizing resonant optical cavities the error in the determination of the 
measurand (such as the rotation rate for an RLG) scales as / s , where   is the uncertainty 
to which the center of the resonance line can be determined and s is the scale-factor which 
relates changes in the resonance frequency to changes in the measurand [26]. When the resonant 
cavity is a laser operating under quantum-limited conditions,   is proportional to the square-
root of the Schawlow-Townes linewidth [48]. The enhancement in precision in this case is, 
therefore, 1/2| | /S K . Comparing Eq. (6) and Eq. (9) we obtain  
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which applies at 0  . Similar relations apply for case (ii) at / 2 0  , after interchanging the 
parameters. These results show that the best precision is obtained in the broken PT-symmetry 
regime (or outside the deadband for case (ii)), but that the precision drops precipitously to zero 
in the PT-symmetric region (or inside the deadband), and that the EP represents a transition 
between these two sets of behavior. In Fig. 3 the value of 1/2| | /S K , obtained by evaluating Eq. 
(7) and the RHS of Eq. (5), is plotted verses the detuning and the loss difference. Note that the 
values of the curves at 0   in Fig. 3(a), as well as at the points indicated on the dashed line 
in Fig. 3(b), correspond to those found in Eq. (10). 
    
Fig. 3. 1/2| | /S K  plotted vs. (a) detuning and (b) loss difference. In (a) the bottom two curves 
are PT-symmetric at 0   and approach 1/2| | / 0S K  , whereas the top two curves are in the 
PT-symmetry broken regime, and approach 1/2| | / 1S K  . All the curves approach 1/2| | / 1S K   
at large at | | . In (b) a discontinuity is observed between the broken and unbroken PT-
symmetry regimes, showing the effect of the zero sensitivity region. The maximum and 
minimum values at the EP are indicated by solid and open black dots, respectively. 
In Fig. 4, the enhancement in precision 1/2| | /S K  is plotted vs. the detuning and the loss 
difference. The value of 1/2| | /S K  never rises above unity. Indeed, a deep dipole-shaped hole 
is formed between the EPs, demonstrating the deleterious effect of the EPs. Both Fig. 3 and 
Fig. 4 are plotted for conservative coupling (case (i)), but the plots for the maximally-dissipative 
result (case (ii)) are identical as they are obtained by a simple interchange of   and / 2 , i.e., 
a rotation of 90   in Figs. 2 and 4. The partially-dissipative case is obtained by a rotation of 
atan( / )    . In this case   and / 2  must be varied simultaneously to reproduce the 
results shown in Figs. 3(a) and 3(b) (because the zero-sensitivity region now occurs along the 
green dashed line in Fig. 2).  
        
Fig. 4. A hole forms in the enhancement in precision in the vicinity of the EPs. In (a) maximum 
and minimum values at the EP are indicated by solid and open black dots, respectively. The 
contour plot in (b) reveals dipole-like curves of constant 1/2| | /S K , with the hole becoming 
circular when 1/2 1/2| | / (1 / 2)S K  . 
This brings up an important point: EPs are invariant under rotation. In practice there is a 
difference between EP types because a single tuning parameter   is typically used. Thus, 
1/2| | / 1S K   outside the deadband, which only appears for maximally-dissipative coupling 
(Fig. 3(b)), whereas for conservative coupling 1/2| | /S K  drops below unity as the system is 
detuned (Fig. 3(a)). Nevertheless, we take advantage of this invariance in the next section to 
prove that 1/2| | / 1S K   for any choice of parameters. 
4. General Solution 
Note that Eq. (10) only applies at 0   for conservative coupling and at / 2 0   for 
maximally-dissipative coupling, and so does not predict the value of 1/2| | /S K  at other 
parameter values shown in Fig. 3. In addition, we have yet to derive a relation for the case of 
partially-dissipative coupling. To deal with these more general situations, first note that the 
excess-noise factor can be obtained directly from the Hamiltonian H representing Eq. (1) 
through the relations [49] 
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The relation for | |S  is then obtained by setting 
2 2 2 2( ) ( / 2) ( )A          and 
2B       in Eq. (4) and differentiating to obtain 
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where the relations 
2 2 1/2 2( ) | |A B   , and 2 2 2 2 2 2| | | | 2[( ) ( / 2) ( ) ]            have 
been used. By taking the limit     and administering L’hospital’s rule we then find that 
1/2| | / 1 / 2S K   for any type of EP.  
Indeed, with the general solution in hand, it is now straightforward to show that 
1/2| | / 1S K   for any set of parameters. First, for conservative coupling we know from Eq. (13) 
that | | / | / |,S K     where  2 2Re ( / 2) ( )i       . We can then recast Eq. (13) by 
rotating the plane defined by the variables   and / 2  through the angle atan( / )     
shown in Fig. 2, i.e., 
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Now, from Eq. (4) it is straightforward to show that for conservative coupling | | | |   for 
all values of  . Furthermore, because the general case is simply a rotation of the solution for 
conservative coupling, it then follows that | | / 1S K   for any choice of parameters.  
In fact a tighter bound can be established because | |  is also always greater than or equal 
to | |S  for conservative coupling. To prove that this is the case is equivalent to demonstrating 
that 2| / |K   , which by substitution of Eq. (12) corresponds to the quadratic equation  
 4 2 2 2 2 2 2 2| | | | ( ) ( / 2) ( ) ( / 2) 0                    . (16) 
This equation cannot have more than one real root, and is therefore satisfied for any choice of 
, , and   . Again, transforming to the rotated coordinates as described above, we find that 
1/2| | / 1S K   for any choice of parameters, with the maximum value of unity obtained near to 
and far away from the EP as shown in Fig. 4. 
5. Analogy with lasers containing a dispersive medium 
It has been pointed out previously that a laser containing a medium at the critical anomalous 
dispersion (CAD) is simply one that is operating at its EP [26, 33, 51-53]. Indeed, if Henry’s 
result for the fundamental linewidth of semiconductor lasers [54] applies as well to a laser 
containing a dispersive medium, as has been suggested, then the linewidth will be smaller than 
that of the corresponding conventional laser by a factor of 2gn , where gn  is the group index of 
the medium [55]. Additionally, the scale-factor enhancement at the CAD has been shown to be 
1/ .gS n  This suggests the enhancement in precision is given by 
 1/2 2 1/2/ (1/ ) / (1/ ) 1g gS K n n  . (17) 
In other words, the same 1/2| |S K  relationship derived above for CRs should also apply to 
these systems. However, it has also been predicted that Eq. (17) only applies for normal 
dispersion, and that the linewidth is unaffected by anomalous dispersion [55, 56]. This would 
mean that the enhancement in precision is equal to the enhancement in scale factor itself, i.e., 
1/2/ 1/ gS K S n  . But if as we claim, a fast-light laser is simply a CR operating at an EP, 
then it cannot be simultaneously true that the linewidth of such a laser is unaffected by 
anomalous dispersion and that the excess-noise factor diverges. Therefore, here we explicitly 
demonstrate the equivalence between these two systems.  
Consider a cavity containing a Lorentzian absorber, with a complex transmission 
coefficient exp( )i   , where exp( / 2)L    and /L      are the real-valued 
transmission coefficient and effective phase shift of the medium, 
2 2 2
0 ( / 2) / [ ( / 2) ]       is the absorption coefficient, and 0     is the detuning of 
the light in the cavity from the medium resonance frequency 
0 . This dispersive medium is, 
therefore, uniquely determined by the parameters 
0   , 0 , and L. The eigenvalues of this 
cavity are found from the pole in the electric-field response function representing either the 
transmission or reflection coefficient of the cavity, i.e., from 
 1 exp[ ( )] 0g i    , (18) 
where 
eg g   is the round-trip gain coefficient, eg  is the empty-cavity round-trip gain 
coefficient which includes all sources of gain and loss in the cavity except the dispersive 
medium, ( ) ( )e e e          is the empty-cavity round-trip phase shift, e  is the empty-
cavity round-trip time, and 0e     is the detuning of the empty-cavity mode frequency 
e  from the medium resonance frequency.  
The eigenvalues are found by allowing   to be complex. Substituting for  ,  , and   in 
Eq. (18) yields a quadratic equation whose solutions are  
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is the generalized Rabi frequency, ( ) / 2avg e    is the average loss rate, e    is the 
loss difference, 2ln /e e eg    is the photon decay rate of the empty cavity, and 
2
0 / eL     is the effective coupling between the dispersive medium and the empty cavity.  
The eigenvalues can be separated into real and imaginary parts as / 2i      . The lasing 
threshold is then found by setting 0   , which yields 
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analogous to the equation for threshold found in [45].  
Note that Eq. (19) has the same form as the eigenvalues for two coupled resonators. We 
therefore expect a second-order EP when 0  . Indeed, when the medium is absorbing
0( 0)   the coupling is real (conservative) such that an EP occurs when 0   and | / 2 | 
, i.e., when  
 0 2ln e eL g    . (23) 
The first equation corresponds to the lasing threshold at 0  , obtained from Eq. (22). Note 
that at the EP the eigenvalues are 0avg      . The lack of an imaginary part confirms 
that the EP and lasing threshold coincide. The usual division into regimes of unbroken and 
broken parity-time symmetry occurs for couplings above and below the EP, respectively, but 
with one notable difference with CR systems. For CRs the coupling for the EP is the same as 
that required for critical coupling of the lossy resonator. Thus, superexceptional couplings 
correspond with normal dispersion in the intracavity element. The same is not true for the 
dispersive medium. In this case the dispersion remains anomalous into the unbroken PT-
symmetric regime. For both systems the unbroken and broken symmetry regimes correspond 
with the occurrence of conventional lasing and lasing without gain [45], respectively.  
The results above show that the lasing threshold and the EP coincide. To prove our assertion 
that a fast-light laser is just one that operates at an EP, we must show in addition that the EP 
corresponds to the CAD, i.e., 0gn  . The group index is 
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and 2 0   at threshold at the EP. Therefore, applying Eq. (23), 
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Note that if the system is set at the EP so that Eq. (23) is satisfied, but then we allow for 
some nonzero detuning ( 0),  the eigenvalues are 
2 1/2[ ( 2 ) ] / 2i       . For small 
detunings | | 2   , the beat frequency is then 
           , (26) 
which is the classic square-root dependency characteristic of a second-order EP as reported 
elsewhere [20].  
If instead we assume the medium is amplifying 0( 0)   so that the coupling is maximally 
dissipative and the dispersion is normal, then an EP occurs when 
2
0( / ) / eL       and 
0  . Substituting this result into Eq. (22), however, we see that this EP is subthreshold and 
does not lase unless 0.e    This can occur in CRs, however, and is just the situation that 
occurs in laser gyroscopes when both directions are lasing simultaneously [57]. In this case, 
Eq. (20) becomes / 2avg   , so we evaluate Eq. (24) at / 2   and again find 0gn   at 
the EP. Note that the EP for partially-dissipative coupling is not accessible for our assumed 
intracavity medium.  
Because the eigenvalues of a cavity containing a dispersive medium are formally 
equivalent to those of CRs, we can conclude that the results obtained in Sections 2-4 also apply 
here, i.e., 1/2| | / 1S K   for any choice of parameters. Furthermore, outside the zero-sensitivity 
region 1/2| |S K  along the line through the corresponding pair of EPs as shown in Fig. 3(b). 
As we’ve discussed above, the dispersion in this region is anomalous and at any EP 0gn  , 
even when the coupling is maximally-dissipative (which corresponds to the use of a gain 
medium and normal dispersion at small detunings). Consequently, in a strict sense Eq. (17) 
applies only in these specific regions of anomalous dispersion, and does not apply for normal 
dispersion. Thus, we find that the linewidth of a laser containing a fast-light medium must 
increase, in difference with the predictions in [55, 56]. 
6. Previous experimental results 
In this section we review some previous experimental results that allow the relationship 
between S and K to be determined. In [41] the excess-noise factor K was measured in a 
quantum-noise-limited laser containing phase and loss anisotropy as the EP was approached. 
This EP arises from maximally-dissipative coupling and therefore corresponds to a lock-in 
edge. The loss anisotropy   respectively was varied while the phase anisotropy (retardance) 
  was held constant, verifying that the divergence of K follows Eq. (3) in [41]. If in the same 
system   were instead varied, while   was held constant, one could measure S. Lacking 
experimental data for this situation, we nonetheless have the functional form of the beat 
frequency (Eq. (1) in [41]) and can simply calculate S by differentiating with respect to   and 
normalizing to the case where 1  . In so doing we find the lock-in-edge EP at 
1 22sin [( ) / (1 )]1c 
  , and that 1/2| |S K  for all | | | |c  , i.e., outside the lock-in 
region (corresponding to the green dashed curve in Fig. 3(b)). More recently, in [49] both S and 
K were measured outside the deadband of a Brillouin RLG, confirming the 1/2| |S K  
relationship in another system with maximally-dissipative coupling. As we’ve pointed out these 
results should also apply near the other types of EPs owing to the invariance under rotation as 
described in Section 4. For the case of conservative coupling in lasers, the divergence of S near 
the EP has been experimentally demonstrated [27, 29, 30, 36], but simultaneous measurements 
of the linewidth have yet to be reported in active systems.  
In passive systems, on the other hand, there are several studies [28, 32] that report 
simultaneous measurement of the scale factor and linewidth in conservatively coupled systems. 
However, the extent to which our findings should apply to passive systems is not entirely clear. 
In quantum-limited passive-cavity sensors the uncertainty   depends on the linewidth 
(proportionally as opposed to the square-root dependence on the Schawlow-Townes linewidth 
in the active systems), the signal-to-noise at the detector, and on the shape of the resonance 
[26]. Each of these factors counteracts the increase in s as the singularity is approached, limiting 
the enhancement in precision, similar to the role of K in lasers. If the enhancement in 
uncertainty is defined as / e    where e  is the uncertainty of the empty (or uncoupled) 
cavity, then the enhancement in precision is | | /S  . It’s not clear, however, whether in the 
quantum limit   and 1/2K  diverge equivalently or that | | /S   is limited to unity. It’s been 
shown that passive systems can be described as quasi-PT-symmetric through a simple 
decomposition of the Hamiltonian into PT-symmetric and lossy parts [13, 58]. On the other 
hand, it’s been pointed out that the frequencies of the spectral extrema in passive cavities do 
not generally coincide with the eigenvalue frequencies   because the presence of the input 
can strongly influence the resulting spectrum, such that the spectral splitting does not occur at 
the EP [45]. As a result S does not even diverge in the same way it does in active systems. In 
[32] the frequency shift and linewidth difference were measured in a passive micro-cavity 
perturbed by nanoscale scatterers to approach the EP. Although the uncertainty was not 
explicitly determined, Langbein [59] has carefully analyzed this data and shown that the 
precision in fact decreased as the EP is approached, such that | | /S   was always less than 
unity. In another passive-cavity experiment [28] S and   were explicitly measured due to the 
presence of a fast-light medium as the CAD was approached. This data also showed | | / 1S  
. Neither of these experiments were performed near the quantum limit, however, so they do not 
resolve whether an enhancement in precision is possible in passive cavities.  
7. Summary and conclusions 
We’ve demonstrated that near an EP the best-case scenarios occur outside the deadband or in 
the broken PT-symmetry regimes where 1/2| |S K , and that the enhancement in precision is 
always less than unity. Previous experimental results and analysis agree with this finding. EPs  
are discontinuities where the enhancement in precision transitions from unity to zero. This 
behavior does not depend on the type of EP. The conclusions reached at one EP also apply to 
other EPs. Thus, recent (and much older) experiments performed at the deadband edge can 
provide valuable information regarding operation at the PT-symmetric EP. These findings 
demonstrate that EPs should generally be avoided for sensors that utilize laser cavities. It should 
be emphasized that the scale factor diverges more rapidly for higher-order EPs [34], and we 
have ignored the effects of saturation and nonlinearity, which can also modify the divergence 
rate [45, 60]. It’s clear from our analysis, however, that these effects will also lead to additional 
eigenmode skew and a corresponding change in the divergence in K, resulting in no overall 
benefit. On the other hand, our results do not rule out the possibility of enhanced precision in 
sensors utilizing passive cavities. 
Because of the equivalency between the CAD and EPs, these results also apply to fast-light 
laser sensors such as gyroscopes and accelerometers. Indeed, while the increased linewidth in 
lasers with nonorthogonal eigenmodes was demonstrated long ago, it is only recently that 
measurements of increased scale factor have begun to appear and these studies often tacitly 
ignore the increased linewidth. For lasers containing fast-light media this has been due to the 
difficulty and lack of theoretical predictions regarding the fundamental linewidth. Here we have 
taken into account both the linewidth and scale factor to show that no overall enhancement is 
possible, and by way of analogy, circumvented the difficulty of explicitly estimating the 
Schawlow-Townes linewidth in these lasers.  
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